The development of leaves and flowers in the wild type and pleiotropic maple-willow (m w ) mutant of Japanese morning glory (Ipomoea nil) was studied to reveal the developmental and regional homology and effects of the m w gene on the lateral organs. The considerably narrow leaves, sepals, and petals of the m w mutant result from the inactive marginal meristem, and the small thecae of anthers and the defective septa of ovaries in the m w mutant are also due to insufficient marginal growth. This suggests that the defective regions of all lateral organs in the m w mutant are developmentally homologous under regulation by the m w gene. In the wild type, the fusion of the marginal growth of neighboring primordia is followed by upward growth in the interprimordial regions of floral organs, but in the m w mutant the defects of this upward growth in the interprimordial regions in the corolla and gynoecium result in apopetalous and apocarpous forms, respectively, except for their normally fused lower portions. It seems that both sympetalous corolla and syncarpous gynoecium of I. nil are formed by two different developmental processes, namely, interprimordial growth and intercalary or zonal growth.
Introduction
The Japanese morning glory (Ipomoea nil (L.) Roth or Pharbitis nil (L.) Choisy) is a traditional ornamental plant in Japan, and has attracted great attention from horticulturists, especially in the Edo era (ca. 200 years ago). A large number of mutants were raised as garden varieties at that time, and some have been maintained. Genetic studies on the morphological and physiological mutants of I. nil began in Japan during the early 20 th century, and clarified the rich genetic background of the various mutants (Imai, 1938a (Imai, , 1938b . Based on such genetic information, the molecular and developmental genetics of I. nil has increased in recent years (Cho et al., 2005; Iwasaki and Nitasaka, 2006; Suzuki et al., 2003) . Although developmental studies at a genetic level have become popular for I. nil, knowledge of the developmental morphology and anatomy is still insufficient. In the present study, we provide basic information about the development of lateral organs, leaves and floral organs of I. nil.
Among the many mutants of I. nil, the maple-willow (m w ) mutant demonstrates one of the most marked morphological changes in its phenotype. The mutant has a narrow and lobed cotyledon with clear veins, a very narrow (willow-like) leaf, apopetalous corolla split into five slender petals, and sterile gynoecium (Imai, 1925) . By genetic studies of this mutant, it was found that morphological changes were caused by a single gene, m w (Imai, 1925 (Imai, , 1930a (Imai, , 1930b . The findings suggested that the m w gene solely caused the pleiotropic mutation in which mutational changes appeared in all lateral organs. In a previous study on the mature morphology of lateral organs (i.e., leaves, sepals, petals, stamens, and carpels of the gynoecium) of both the wild type and m w mutants of I. nil, we suggested that m w mutation was commonly concerned with the reduction of lateral growth in leaves and floral organs, and extinction of the fused portions of the corolla and gynoecium (Kajita and Nishino, 2009 ). These findings imply that organ fusion, such as sympetalous corolla and syncarpous gynoecium, is an important process for producing floral diversity and evolution of angiosperms (Leins and Erbar, 2003; Verbeke, 1992) , and such fusion and lateral expansion of organs might be controlled by the same developmental process; however, studies on the mechanisms of organ 470 fusion are very few (Verbeke, 1992) .
Although the classical concept of homology of all lateral organs was supported by molecular genetic studies of Arabidopsis thaliana as a model plant (Coen and Meyerowitz, 1991; Pelaz et al., 2001) , floral organs, such as the stamens, sympetalous corolla, and syncarpous gynoecium, have a more complex structure than leaves. Developmental and regional homology between floral organs and leaves has not yet been fully clarified. Usually, the homological and morphological relationship among lateral organs has been studied using the structures of mature organs serially in a plant or comparatively among related species (Weberling, 1989) . The pleiotropic mutation of the m w gene provides new opportunities to study homology among the parts of organs. Anatomical and developmental studies of the pleiotropic mutation by the m w gene may elucidate homologous areas and common developmental processes between floral organs and leaves. Since Kajita and Nishino (2009) only examined mature lateral organs, studies on the developmental process to evaluate developmental and regional homology of the lateral organs are necessary. In the present study, we present detailed developmental information on the lateral organs of the wild type and m w mutants of I. nil.
Materials and Methods
The m w mutant strain (Q0646) and the wild-type strain TKS (Tokyo Kokei Standard, Q1065) were used. The seeds of both strains were obtained from the Kyushu University collection. In this study we were specifically interested in the abnormal phenotype for the lateral growth of organs and floral organ fusion as effects of the m w gene. Currently, however, single-gene mutants of the m w gene are not maintained. In addition to the m w gene, the Q0646 strain also contains the ca-white (ca), semi-contracted (sc; or contracted-weak, ct-w), crumpled (cm), and possibly other unknown mutations. The ca mutation results in a white corolla, but does not affect the morphology of the plant except for the seed trichomes (Morita et al., 2006) ; therefore, the ca gene and its effect could be disregarded for morphological and developmental study of lateral organs. The sc mutation results in slight increases in thickness and some changes in the size and shape of the leaves, sepals, and petals (Imai, 1930a (Imai, , 1938a Kajita and Nishino, 2009 ). Imai (1931) reported that the cm mutation caused slightly crumpled leaves. Since the sc cm phenotypes showed relatively minor morphological changes, Q0646 seemed to be a better strain to observe and assess m w effects than the other multiple mutants currently retained. In this study, the m w mutant of the Q0646 strain that contained homozygous ca sc cm m w mutations is called "m w Q0646". The cultivation and observational methods used in the present study were described in a previous paper (Kajita and Nishino, 2009 ). Materials to observe by scanning electron microscope (SEM) were fixed using FAA (95% ethanol : acetic acid : formalin : water = 50 : 5 : 10 : 35). Fixed materials were washed with 50% ethanol, dehydrated by the ordinary t-butyl alcohol (TBA) series up to 100% TBA (Ruzin, 1999) , frozen in a freezer and freeze-dried (JFD-300, JEOL, Tokyo, Japan) according to the method by Inoué and Osatake (1988) . Specimens were gold-coated (Fine Coat Ion Sputter JFC-1100; JEOL), and examined under a scanning electron microscope (JSM-5400; JEOL).
Results

Leaves
Wild type: After initiation of the leaf primordium by the activity of the leaf apical meristem, marginal meristems are distinguishable in the P1 or P2 primordium, and show periclinal cell divisions on both lateral sides of the leaf primordium (Fig. 1A) . P1 is the youngest visible leaf primordium, and P2 is the next youngest. In the leaf primordia larger than the P2, differentiation of the leaf lamina and midrib is distinct (Fig. 1C, 1E ). Laminas are extended by the marginal meristems and their derivatives (Fig. 1C, 1E ). The procambium of the median vascular bundle in the midrib differentiates soon after primordium initiation, and laticifers develop on the abaxial side of the midrib (Fig. 1A, 1C, 1E ). In the leaf primordia larger than the P6, the lateral veins of the leaf lamina begin to differentiate by periclinal divisions in the plate meristem, forming ribs on the abaxial side of the lamina (Fig. 1E ). Simple and glandular hairs are observed in the early developmental stage (Fig. 1C, 1E ). The petiole elongates by the intercalary meristem under the leaf blade during the later developmental stage. m w Q0646: The development of leaf primordia is similar to the wild type up to the P3, (Fig. 1A, 1B ). The development of the midrib, median vascular bundles and laticifers is normal (Fig. 1) ; however, the differentiation of the marginal meristem starts in P5 or P6 primordium (Fig. 1D) , and lamina growth is delayed ( Fig. 1C-G) . The differentiation of the leaf lamina and midrib are distinct in the P7 leaf primordium. For inactive cell divisions in the marginal meristem and its derivatives, the extension of the m w Q0646 lamina is considerably slower than the wild type ( Fig. 1C-G) . Differentiation of the lateral veins occurs after the leaf primordia are taller than 2 mm (Fig. 1G ). The elongation of the lamina and petiole does not show considerable abnormalities.
Sepals
Wild type: Following the initiation of the two bracteole primordia on the axillary meristem, five sepal primordia initiate successively in a clockwise or counterclockwise sequence ( Fig. 2A) . Glandular hairs are observed on the abaxial surface of the sepal in the early developmental stage (Figs. 2A, 3A , and 3C). Soon after initiation, the sepal primordia expand laterally ( Fig. 2A) . In cross sections, the sepal margins are acute and dark-stained, indicating that active cell divisions continue in the marginal meristems (Fig. 3A) . m w Q0646: The floral meristem during sepal inception and early sepal development are similar to those in the wild type ( Fig. 2A, 2B ). Although the median portion, or midrib, shows normal development, lateral expansion of the laminar region is delayed soon after initiation ( Fig. 2A, 2B ). The sepal margins are obtuse in cross sections and vacuolated during the early developmental stage, indicating loss of their meristematic activity (Fig. 3B) . Within the slender sepals, however, normal differentiation of epidermal, mesophyll, and vascular tissues are observed, as in the wild type (Fig. 3A-D) .
Petals
Wild type: Five separate petal primordia initiate simultaneously (Fig. 2C) . When petal primordia are about 40 μm in height, the bases of their margins extend laterally and connect at the interprimordial regions of petals (Figs. 2E, 2G, and 3C) . By this connection, petals fuse and begin to form a corolla tube. In the cross section of corolla lobes, the petal margins are meristematic and dark-stained (Fig. 3A, 3E ). When petals are approximately 100 μm in height, the differentiation between middle lamina ("yo" in Japanese) and lateral lamina is The adaxial sides of leaf primordia are oriented upward. gh, glandular hair; lm, lamina; lt, laticifer; lv, lateral veins; mr, midrib; mv, median vascular bundles; se, sepal; sh, simple hair. Scale bar = 100 µm.
distinguished; that is, the petal margins turn the growth direction inward to form the lateral lamina; the middle lamina is derived from the region formed before the turning (Fig. 3A, 3E ). The interprimordial region is also meristematic as well as the turned margins (Figs. 3E,  and 4A ). In the upper corolla tube, which is the sympetalous area above the stamen insertion (cf. Fig. 5 ), the petal interprimordial regions elongate markedly during the later developmental stages (Fig. 5A, 5C ). The lower corolla tube, which is the area below the stamen insertion, is formed via intercalary and ring-like zonal growth of the tissue beneath both petal and stamen primordia, resulting in epipetalous stamens. Marked elongation of the lower corolla tube occurs just prior to anthesis ( Fig. 5A, 5C ; see also Kajita and Nishino, 2009) . m w Q0646: The early development of petal primordia is similar to that of the wild type (Fig. 2C, 2D ). When the petals are 40 μm in height, the petal primordia begin to connect in their interprimordial regions (Fig. 2F); however, subsequent marginal growth is clearly inactive, and the petal primordia are narrower and triangular as compared to the semicircular shape in the wild type (Figs. 2G, 2H , 3A, 3B, 3E, and 3F). Although the middle lamina expands normally, the margins do not grow and turn inward as in the wild type, resulting in scarce lateral lamina (Fig. 3A, 3B, 3E, 3F ). The margins are fringed when the petal is 2 mm in height (Fig. 5B, 5D ). These fringes have veins branched from the lateral veins in the middle lamina. The interprimordial region of petals is vacuolated rapidly (Figs. 3D and 4B) , so that the upper corolla tube in interprimordial regions scarcely extends upward (Fig. 5B, 5D ). The lower corolla tube, however, develops similarly to the wild type (Fig. 5C, 5D ).
Stamens
Wild type: At almost the same time as petal initiation, five stamen primordia are initiated simultaneously, sometimes in a spiral sequence (Fig. 2C) . When the petal primordia are approximately 40 μm in height, lateral swellings for theca formation occur on both sides of the stamen primordium (Fig. 2E) . Histological distinction between thecae and connective of the anther is distinguishable after the petals became 100-200 μm in height (Fig. 3A) . In the theca, primary sporogenous cells and primary parietal cells appear in the relatively early stage. Other anther tissues (epidermis, endothecium, middle layer, tapetum and pollen mother cells) differentiate later when the petal is 1 mm in height (Fig. 3E, 3G ). Pollen grains are formed when the petals are about 10 mm in height (Fig. 4A) . The filament elongates by intercalary growth in the later stages, especially just prior to anthesis. m w Q0646: Notable defects are not observed in early development, and all anther tissue is differentiated, as in the wild type (Figs. 2C-F, 3A , 3B, 3E, and 3F); however, the swelling for theca formation is frequently delayed (Fig. 3B ) and some anthers are small or abortive overall (Fig. 3F, 3H ).
Gynoecium
Wild type: The gynoecial primordium is initiated as a shallow dish-like swelling when the petals are about 20 μm in height (Fig. 2C) . Following initiation, the gynoecial primordium grows upward by ring-like zonal growth and becomes cylindrical (Fig. 2E) . When the petals are about 60 μm in height, three ridges are formed by the apical growth of three carpels on the cylindrical gynoecial primordium (Fig. 6A) . When the petals grow to a height of about 300 μm, ovule primordia are initiated at the base inside of the cylindrical gynoecium (Fig. 3C) . In following stages, the center of the ovary floor swells up and lifts the ovules, forming basal septa and axial placentas together (Fig. 3G) . These basal septa are formed by intercalary growth to make partitions at the base of the gynoecium (cf. Fig. 7E ).
The upward interprimordial growth of the carpels makes the gynoecium fully syncarpous (Fig. 6A, 6C , 6E, 6G). Although the top of the gynoecium is initially open (Figs. 2E, 3A , 3C, and 6A), it gradually closes, with the final differentiation of stigmatic tissue and transmitting tissue (Figs. 3E, 3G , 4C, 6C, 6E, and 6G). Transmitting tissue is derived from the inner epidermis of the carpels by periclinal cell divisions before the petals grow to 1 mm in height, and the upper portion of the ovary becomes completely trilocular (Figs. 3G and 7A ). These locules are partitioned by the apical septum originated by downward growth of the roof of the ovarian cavity (Figs. 3G and 7A; refer to Weberling, 1989 , for the term "apical septum"). The ovary just above the placentas is a symplicate zone (zone of discontinuous septa), and we call the septa of this zone "lateral septa" in this study. Although the lateral septa are discontinuous, the proliferated transmitting tissue fills the center of three septa, resulting in a trilocular ovary (Fig. 7C) . Thus, the partition at this region is formed by ontogenetic fusion of the transmitting tissue. The septa in the symplicate zone are formed by expansion into the ovarian cavity from the ovary wall in a lateral direction, and are termed the "lateral septa" in the present study. The basal portion of the ovary is a synascidiate zone (zone of congenitally fused septa) represented by a basal septum. The basal septum is formed by upward growth in ovary-floor tissue (A, B) , about 300 µm (C, D), and about 1 mm (E-H) in height. b, bracteole; bs, basal septum; c, carpel; cn, connective; f, filament; gh, glandular hair; ip, interprimordial region of petals; lp, lateral lamina of petal; mp, middle lamina of petal; ov, ovule; p, petal; se, sepal; st, stamen; sty, style; th, theca. Scale bar = 100 µm. (Figs. 3G and 7E ). The terms "symplicate zone" and "ascidiate zone" follow the definition of Leinfellner (1950) . When the petals are 3-4 mm in height, the obturator derived from the surface of the funicles seals the micropyle. The disk begins to develop when the petals become about 1 mm height, and grows to surround the ovary base (Fig. 6G) . m w Q0646: Gynoecium development is similar to that of the wild type up until the stage when the three carpel ridges are formed (Figs. 2E, 2F , 3A-D, 6A, and 6B). The placentas, ovules, and basal septum are formed normally, but the ovule primordia grow more slowly than those in the wild type (Figs. 3C, 3D , 3G, 3H, and 7C-F). The gynoecium has a notable defect in carpel marginal and interprimordial growth throughout floral development (Fig. 6D, 6F, 6H) . Consequently, the carpels remain separate above the upper portion of the ovary, as in an apocarpous gynoecium (Fig. 6D, 6F, 6H ). The stigmas do not become capitate as in the wild type, even in the later developmental stages (Fig. 6G, 6H) ; however, stigmatic tissue is generated with fewer papillae in the distal portion of the carpel (Fig. 6H) . The apical septum is scarcely formed even in later developmental stages (Figs. 3G, 3H, 7A , and 7B). The initiation of the lateral septa is delayed, but appears by the time the petal height is 3-4 mm. The transmitting tissue is barely differentiated at the inner (adaxial) surfaces of the separate styles (Fig. 4D) , apical septum (Fig. 7B) , and margins of the lateral septa (Fig. 7D) . Because of the defective formation of the upper portion of the ovary wall, the ovarian cavity often remains open, showing naked ovules (Fig. 6H) . The obturator and disk are formed similarly to the wild type.
Discussion
Some mutants of I. nil have been recently investigated for the elucidation of morphogenetic genes (Cho et al., 2005; Iwasaki and Nitasaka, 2006; Suzuki et al., 2003) . Detailed morphological and developmental studies, however, have been insufficient, even in the wild type. The present study provided detailed and fundamental information on the developmental morphology of every lateral organ of the wild type and m w mutant strain of I. nil, following the morphological study (Kajita and Nishino, 2009 ). Our findings can serve as a standard description of morphogenetic studies on various I. nil mutants.
Pleiotropic phenotype in the m w mutant of I. nil is caused by inactive marginal growth In the previous paper (Kajita and Nishino, 2009) , we found that the m w mutation in I. nil decreases the lamina width of all lateral organs by reducing the cell number in the transverse direction. In the present study, we revealed that the considerably narrow leaves, sepals, and petals of the m w mutant result from the inactive marginal meristem. In most stamens and compound floral organs of the angiosperm, distinguishing the regions that correspond to the leaf lamina has usually been difficult because of their reduced, stereoscopic and specialized structures, in contrast to the more leafy floral organs in primitive species (Gifford and Foster, 1989) . In this study, we demonstrated that the small anther and the almost apocarpous gynoecium and defective septa in the ovary of the m w mutant are also due to insufficient marginal growth.
Fusion of marginal growth leads to lateral organ fusion
The m w mutation in I. nil not only reduces the width of lateral organs, but also results in abnormalities in organ fusion in the calyx, corolla, and gynoecium (Kajita and Nishino, 2009 ). The defect is especially prominent in the corolla and gynoecium. The present study showed that the fusion of marginal growth of neighboring primordia in the corolla and gynoecium is followed by upward growth in the interprimordial regions in the wildtype floral organs, but in the m w mutant, the defects of this upward growth result in apopetalous and apocarpous forms except their normally fused lower portions. In ontogenetic study of the I. nil strain "Violet", Nishino (1976) noted that interprimordial growth between petal primordia results in the formation of the upper corolla tube. He also indicated that interprimordial growth is probably derived from the fusion of marginal growth of neighboring petals, as speculated earlier by Cusick (1966) , and later by Sattler (1977 Sattler ( , 1978 and Erbar (1991) . The present study also supports this concept from another point of view, in which corolla tube formation was compared between the wild type and the apopetalous mutant. In the syncarpous gynoecium, it was found that the upper portion is formed by interprimordial growth between neighboring carpel ridges, while the lower ovary wall is formed by zonal growth of the cylindrical primordia. This is new information revealing that different processes can be involved in the formation of a syncarpous gynoecium.
Pleiotropic analysis reveals histological homology among lateral organs
In the present study, we revealed that histological observation of the development of all lateral organs in the wild type and pleiotropic m w mutant confirmed the Y. Kajita and E. Nishino 476 presence of developmentally homologous sections among the leaves and floral organs. Specifically, deviations are restricted to the laminar regions derived from the marginal meristems and their derivatives, that is, the laminas of the leaf and sepal, and the lateral lamina of the corolla. Deficiency in the laminar parts is also expressed as small thecae of the stamen, almost separate carpels and a defective upper septum in the ovary. Conversely, the axial parts of the lateral organs, including the petioles, midribs of leaves and sepals, middle laminas of the corolla, filaments and connectives of the stamen, and central portion of the carpel, are not deficient in the m w mutant. Thus, the m w mutant demonstrates novel characteristics that suggest the presence of histological homology among the lateral organs. For further elucidation of these subjects, more comprehensive studies on comparative development and related-gene expression during morphogenesis are necessary. , and basal septum zones (E, F). as, apical septum; bs, basal septum; lc, locule; ls, lateral septum of symplicate zone; ov, ovule; tm, transmitting tissue. Scale bar = 100 µm.
